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Abstract: Voltage vs. time curves of double layer capacitances (DLCs) by current-controlled charge
and discharge steps have been recognized to be composed of triangular waves. They are deviated
slightly from triangles from the viewpoint of the time dependence or the constant phase element of
the DLC. In order to evaluate the deviation, we measured DLCs of a platinum (Pt) electrode in KCl
solution by current-control. Each time-voltage curve was convex rather a line, and was followed by
the power law. Even if the time dependence was subtracted from each curve, the enhancement of the
DLC was noticeable with an increase in the time well as the voltage. It can be attributed to the electric
field effect, in which dipoles of solvents are oriented on an electrode so strongly that the DLC may
be increased. The field dependence can be justified with the kinetic theory of interacting dipoles of
solvents on an electrode through the observed linearity of the logarithmic DLC with the net voltage.
This concept was applied to a commercially available super-capacitor to demonstrate a significant
contribution of the field effect.

Keywords: electric field effects of double layer capacitance; enhancement of capacitance with voltage;
constant phase elements; non-linear voltage-time curves; current-controlled charge and discharge

1. Introduction

A super-capacitor is a candidate back-up power supply because it can provide high current
density in comparison with chemical batteries such as lithium ion batteries [1,2]. It belongs to a
double layer capacitor (DLC) with a large net area of the electrode. The high current density [3] can be
caused by physical processes of localization of charge, such as orientation of dipoles or heterogeneous
distribution of ions rather than electrochemical reaction rates in chemical batteries. A question is
what happens at extremely high current density. A voltage(V)–time(t) curve at constant current,
I, through an ideal capacitance, C, should take a line segment, given by V = (I/C)t, according the
definition of the capacitance, C = q/V = It/V for the charge q in the sense of electromagnetics. However,
experimentally charging curves are deviated from the linearity so that the slope of the tangent line
gets small with an increase in voltage or the time [4]. The deviation has been ascribed to space charge
effects [5], solution resistance [6,7], morphology of electrodes [8], charge of adsorbed species [9],
distributed resistance and capacitance [10], participation in redox reactions [11,12], and frequency
dispersion [13]. Although one of them may be a cause of the deviation, it is necessary to discuss the
deviation quantitatively to search an attribution. A resistance involved in capacitive circuits cannot
explain the deviation because it causes only a voltage shift. A capacitance generally exhibits time and
voltage dependence [14–18], and hence a DLC was examined in detail.
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The time dependence is equivalent to the frequency dispersion observed in ac-impedance
measurements. The dispersion has been expressed quantitatively with constant phase elements [19–22]
and the power law [23–26]. If the dispersion were to arise from the orientation period of dipoles of
solvents or salts, it might take a time less than nano-seconds. The observed time scale as long as a
second can be attributed to the cooperative phenomenon in which oriented dipoles take the minimum
energy spread widely to a two-dimensional electrode by interaction [27]. The microscopic time scale
is expanded to a macroscopic one, in accordance with the expansion of domains of the orientation.
Since the power law has been derived from the thermodynamic viewpoint [28], it can be utilized for
quantitative analysis of time-depending DLC.

An increase in the electric field (abbreviated as field) enhances the orientation of dipoles or
capacitance values. Further increase in the field or the voltage causes irreversibly electrochemical
decomposition of the capacitance. From the experimental viewpoint, the voltage dependence
has been examined and explained in terms of variations of dielectrics of polymers [14,15],
hopping conduction [16], time-dependent charge diffusion [17], and charge in orientation direction [18].

The present work deals with the time dependence and/or the voltage dependence of a DLC by
applying constant currents to a platinum electrode in KCl solution. Our aim is to search how both kinds
of the dependence are revealed in the charging and discharging curves in conventional voltammetry
at platinum in KCl solution. Our prediction is the time dependence can be explained in terms of the
power law, whereas the voltage dependence, which has not been well-known yet, will be revealed in
the large voltage variation. The latter will be demonstrated theoretically from the kinetic theory of
the power law. It is important industrially for designing supercapacitors because it varies the electric
energy through

∫
CVdV/2. Our discussion will be directed to the two kinds of the dependence from

the physical viewpoint, which cover in principle properties of industrially applied capacitances [29].

2. Materials and Methods

A platinum wire 0.5 mm in diameter was used for a working electrode by inserting it into the
aqueous KCl solution by a given length, ca. 8 mm. The accurate length was controlled with an optical
Z-stage and was determined with an optical microscope. The electrode was not sealed with insulating
materials, because the sealing often gives rise to floating capacitive current owing to imperfect
boundaries between the electrode and the insulator. The counter electrode was a platinum wire with
the area 100 times larger that of the working electrode, and the reference electrode was Ag|AgCl in
saturated KCl solution. The test solution was deaerated for 20 min before the current application.
An aqueous solution of KCl was prepared with the analytical grade of KCl to be 0.1 M and distilled and
deionized water prepared by CPW-100 (Advantec, Tokyo, Japan). The potentiostat was Compactstat
(Ivium, Eindhoven, The Netherlands) for chronopotentiometry and ac-impedance measurements.
A supercapacitor was a commercially available (part number SE-5R5-D105VYV) with nominal values of
1 F capacitance, 5.5 V maximum voltage, and equivalent series resistance 22 Ω at 1 kHz (Tokin, Miyagi,
Japan). All measurements were made at temperature of 25 ± 0.5 ◦C. Voltammetric reproducibility was
examined at each experimental run. Reproducibility of our voltage-time curves was examined at three
runs to be within 5% errors. Errors in the most graphs were close to the sizes of marks of the plots.

3. Results and Discussion

An example of iterative charge–discharge curves is shown in Figure 1A, where the constant current
(0.7 µA) was applied to the Pt wire immersed into KCl solution for a second from the open circuit
potential (0.21 V vs. Ag|AgCl) and then the current direction was reversed. The voltage, V, increased in
the approximately linear form with the time for the charging step, but the detailed variation shows
d2V/dt2 < 0. In contrast, the discharge step exhibits an approximately decreasing line very slightly with
d2V/dt2 > 0. The voltage at t = 3 s at the discharging step was less than the initial voltage before the
charging step (t < 1 s). Further iterative current control provided the iterative triangular current–time
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responses. Our data analysis was limited to the curves less than 0.5 V at the risk of contribution of
formation of platinum oxide [30] on the Pt electrode surface.
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Figure 1. Voltage-time curves (A) responding to the iterative charge–discharge currents of ±0.7 µA at
the Pt wire electrode in 0.1 M KCl aqueous solution, and the capacitance values (B) calculated from
Equation (1). The direction of the current changed at each 1 s.

The deviation (d2V/dt2 , 0) from the lines in Figure 1A suggests the time dependence of the
capacitance. According to the definition of the capacitance, q = CV for a charge q in electromagnetics,
the capacitance responding to a constant current is represented by

C = (j/|V − Vin|)t, (1)

where j is the current density, and Vin is the initial voltage just after the reversal of the sign of the
currents. Figure 1B shows dependence of C, thus, evaluated from Equation (1) on the time for the
geometrical surface area of the immersed part of the wire, exhibiting an increasing function of t at
each period. The time increase in C is in accordance with the frequency dispersion in which higher
frequency decreases the capacitance by the power law [25,26]. By replacing the frequency by the time,
we can write the law for a constant λ as [31],

C = C1stλ, (2)

where C1s is the capacitance value at t = 1 s. We examined the validity of the power law by plotting
log C against log(t − tn). Figure 2 shows the variations at each period, tn < t < tn+1, where tn is the
switching time of n seconds. The successive plots for n = 3, 5, 7, . . . of the charging step are overlapped,
and those for n = 2, 4, 6, . . . of the discharging step also are. We discarded the wave at the first step (n
= 1) because of dependence on the initial conditions. The deviation from a line can be recognized in
both the charging and the discharging steps. The changing width of the voltage in Figure 1 was close
to 0.2 V, which is much larger than ac-impedance method (0.01 V). The time dependence of C by the



Electrochem 2020, 1 220

ac-impedance [23–28] and chronoamperometry [31] did not deviate from Equation (1) except for an
extremely short time. Consequently, the deviation from a line in Figure 2 may be caused by the voltage
dependence observed when the voltage is large.
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Figure 2. Time variations of the capacitance in the logarithmic scale for the (a, c, blue) charging (tn =

3 s) and the (b, d, red) discharging (tn = 4 s) steps at I = (a,b) 0.7 µA and (c,d) 1.5 µA. “I” means the
error bar.

The short time variations in Figure 2 are expected to represent the time dependence rather than
the voltage dependence because they are limited to a narrow voltage domain. The intercept of the line
provides C1s, whereas the slope of the line can be used for evaluating λ mentioned in Equation (2).
These values for the short time at the charging step are plotted against the current in Figure 3. Values of
λ are almost independent of the currents, indicating that C vs. t curves at short time in Figure 2 should
be obeyed by the power law. In contrast, C1s in Figure 3 has a linear relation to the current. The value
at the intercept, ca. 30 µF cm−2, is close to those by ac-impedance [23,25]. Since C1s does not include
the contribution of any time-variation, the linear relation in Figure 3 implies an effect of the voltage or
the field. This effect can be deduced from the increase in the DLC obtained by ac-impedance with the
ac-amplitude, Vac, as shown in the inset of Figure 4. Unfortunately, it is difficult for us to evaluate
accurately C1Hz at large amplitude because of a loss of suitable theory [16].
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Figure 4. Logarithmic variation of C1s/CV=0 with the net voltage, V − Vin. The inset is the variation of
the capacitance values determined by ac-impedance at several ac-amplitude, Vac.

According to the theory of the power law [28], the time-dependent capacitance is approximated as

C = K exp(−u0/kBT) tλ, (3)

where u0 is the orientation energy of the dipole, kB is the Boltzmann constant, and K is a proportional
constant. By letting the dipole moment to be p, the orientation energy by the field E is given by −pE.
If the field is applied to the dipole length, d, which can be estimated from the molar water molecule,
the energy can be approximated as u0 = −pE = −p(V − Vin)/d. Taking the ratio to the capacitance
C0 = Ktλ at V = Vin or I = 0, and taking the logarithm yields

log(C/C0) = p(V − Vin)/2.3kBTd, (4)

Figure 4 shows a plot of log(C/C0) of Figure 3 against V − Vin. The proportionality was found,
for which the slope, (p/2.3kBTd), was 0.52 V−1. This value allows us to determine p from d = 0.31 nm
for the molar volume of water molecule. We obtained p = 1.2 × 10−30 Cm, which is 20% of the
dipole moment of water molecule (6.1 × 10−30 Cm). The partial contribution of the orientation energy
implies the contribution of the thermal fluctuation. Since the variable p(V − Vin)/d means energy,
the exponential form in Equation (3) can be regarded as a kinetic equation for the DLC with the
activation energy, p(V − Vin)/d.

We apply the concept of the field dependence to a commercially available supercapacitor with
1 F and the permissible voltage domain 5.5 V. The voltage-time curves for an application of 0.1 A are
shown in Figure 5A. Voltage skips by 1 V were found just after the change of the currents. They should
be the cell resistance (10 Ω). Values of the capacitance calculated through Equation (1) are drawn in
Figure 5B, where a 1 V ohmic drop was corrected. The measured values vary largely with the time and
are smaller than the full capacitance value, 1 F. The variation can be ascribed to the time dependence
and the voltage dependence of the supercapacitor. The plot of log C against log(t − tn) exhibits a line
with 0.6 (not shown here), which is much larger than the λ-value (0.1) in Figure 2. The extraordinarily
large value cannot be attributed to the time dependence but should be to an alternative effect; i.e.,
the field effect. In fact, logarithmic values of C increase with an increase in V − Vin, as shown in
Figure 6. The slope Figure 6(a) for small values of V-Vin is close to that in Figure 4. The smaller slopes
at large values of V − Vin may result from interaction of among oriented dipoles.
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It is interesting to find where and how the field effect is noticeable in the charging–discharging
curves. Combining Equations (2)–(4), we can express the capacitance without any ohmic resistance as

C = C1stλ exp[p(V − Vin)/kBTd]. (5)
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Eliminating C by use of the definition of the charge, C(V − Vin) = jt, for the constant current
density j, we have

V − Vin = (j/C1s) t1-λ exp[−p(V − Vin)/kBTd], (6)

If a value of p(V − Vin)/kBTd is close to zero, we can solve Equation (6) approximately with respect
to V − Vin as

V − Vin ≈ (j/C1s) t1-λ[1 − (j/C1s)t1-λp/kBTd]. (7)

This equation indicates that experimentally obtained variations of V − Vin vs. t form not a line
but a convex represented by ca. t1-λ (≈ t0.9). The slope of the tangent line is smaller than j/C1s, and it
decreases with the time owing to −(j/C1s)t1-λp/kBTd. These variations cannot be clearly viewed just
by one look of experimental V vs. t curves. We calculated, numerically, Equation (6) with practically
employed values of parameters, and plotted V − Vin against t in Figure 7 (solid curves). The field effect
is revealed as the difference between the dashed curve and the solid curve. It is the convex feature
that represents the field effect. Line (a’) is for λ = 0 or without the power law. This is very close to
the dashed curve of the power law. If we take into account only the power law or CPE without the
field effect, the power value is estimated to be such a large value (λ = 0.6), as has been discussed
in Figure 5B.
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4. Conclusions

The DLC obtained by the constant current-control includes not only the time dependence of the
power law but also the field dependence. The latter is much larger than the former for the constant
current-control. It is revealed in the convex deviation of the voltage-time curve from the line. It is not
noticeable for results by the ac-impedance measurements because the applied voltage is too small to be
detected. Since the current-controlled measurement provides voltages as large as 0.3 V, it makes the
field effect distinct.

Both effects are included in Equation (5), which is a solution of the kinetic equation for the
orientation of interactive dipoles. The field effect is represented in terms of the exponential form of
the voltage. The form implies that the voltage can be regarded as a kind of the activation energy of
causing the capacitance.
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